ABSTRACT Compared with conventional drill, an ultrasonic drill can break into rocks under lower weight on bit and lower power, which is more suitable to sample in low gravity environment for deep-space exploration. However, the ultrasonic drill cannot remove rock cuttings effectively when drilling into a certain depth. This paper proposed a rotary-percussive ultrasonic drill (RPUD), which depends on a single piezoelectric transducer to produce rotary-percussive moment to drill into rocks and remove cuttings. The RPUD consists of four parts: a piezo-ceramics, a percussive unit, a rotary unit, and a drill tool. Percussive unit magnifies the longitudinal vibration of one side of piezo-ceramics, and delivers percussive motion to the drill tool. Rotary unit transfers the longitudinal vibration of the other side of piezo-ceramics into longitudinal-torsional vibration to drive the drill tool to rotate. Percussive motion and rotary motion of drill tools are relatively independent, and thus their parameters can be adjusted separately. Finite element method is adopted to assist the design of the RPUD. Modal analysis is employed to tune the resonance frequencies of the percussive unit and rotary unit to be close. After the fabrication of a RPUD prototype, contrastive test of rotary percussive drilling and percussive drilling was carried out based on the RPUD prototype. Test results show that the RPUD can drill into the rocks and improve the efficiency of cutting removal.
I. INTRODUCTION
In recent years, minor planet exploration has become a very attractive field. Studying the geological information about minor planet contributes to understand the evolution process of the solar system. With the development of detection technology, minor planet exploration has been changed from early simple camera surface observation to landing in situ detection and sampling return [1] - [3] . According to the differences of sampling methods, detection of minor planet can be classified into three types: flying-collection (Stardust) [4] , impactcollection (MUSES-C, Deep Impact) [5] , [6] , and drillingcollection (Rosetta) [7] . Compared with the other two kinds, drilling-collection can obtain samples on a particular location for sample return or in-situ analysis, which is widely used in existing probes. Nowadays, drilling-collection tools on the existing probes still rely on conventional rotary drills which are driven by electromagnetic motors. However, the need of weight on bit and holding torque is generally increased with the increase of drilling depth during drilling process. It is difficult to meet these requirements of conventional rotary drills by the probes under limited energy, especially on lowgravity minor planets.
Extensive researches show that [8] , [9] , as an attractive solution for planetary explorations, ultrasonic drills can break into rocks under low power and weight on bit, exhibit good tolerance to a wide range of temperature and do not have electromagnetic radiation. Based on the differences of working priciples, ultrasonic drills can be divided into two categories: hammer drills and rotary-hammer drills. Hammer drills can also be split into longitudinal hammer drills and longitudinal-torsional hammer drills. Longitudinal hammer ultrasonic drills utilize longitudinal vibration of drill bit to break rocks, such as Ultrasonic/Sonic Driller/Corer (USDC) [10] , Ultrasonic Drill Tools (UDT) [11] , and Ultrasonic Planetary Sample Retrieval Tool [12] .
USDC is the most representative of longitudinal hammer ultrasonic drills, and it mainly has four parts: piezoelectric transducer, tuned horn, free mass, and drill tool. After being excited by resonance voltage, piezoelectric transducer generates longitudinal vibration. The vibration is amplified by tuned horn, delivered to drill tool through free mass which transforms the longitudinal vibration energy into impact motion. Rocks break when fatigue strength is ultimately exceeded by hammering. USDC can quickly penetrate into rocks with low weight on bit. Drill tool can remove a small amount of cuttings relying on the longitudinal vibration. However, when drill reaches a certain depth, it is difficult to remove the cuttings timely, which reduces drilling efficiency. Compared with longitudinal hammer ultrasonic drills, longitudinal-torsional hammer drills, which use a horn to translate the longitudinal vibration into longitudinal-torsional vibration, show a better performance at rocks broken and cuttings removal [13] , [14] . However, the improvement of drilling by longitudinal-torsional vibration is still limited, and the cuttings removal efficiency still needs to be improved.
Rotary-hammer ultrasonic drills employ a drill tool with helical auger under rotary-hammer motion to break rocks and remove cuttings [15] . Compared with fluids and gas, auger removal cuttings can reduce the possibility of contamination of sample and do not require additional storage device for fluids or gas, which is more suitable for sampling in space exploration. Rotary-hammer ultrasonic drills can be classified into two types: motor-driven rotary drills and piezo-driven rotary drills. Motor-driven rotary-hammer ultrasonic drills use an electromagnetic motor as power source of rotary motion such as PARoD [16] , UPCD [17] , and Auto-Gopher [18] . As electromagnetic motor rotates the drill tool to remove cuttings via helical angers, drilling efficiency is improved effectively by the motor rotation. However, addition of electromagnetic motor may minify range of drilling system temperature tolerance, and adding a set of motor system to ultrasonic drills increased the degree of drilling system complexity as well.
Piezo-driven rotary-hammer ultrasonic drills employ piezoelectric transducer as the only power of rotary and hammer motions, such as SPaRH [19] . Compared with motor-driven rotary-hammer ultrasonic drills, piezo-driven rotary-hammer ultrasonic drills have an more compact structure, with lower power consumption requirements. SPaRH is made up of four parts: piezoelectric transducer, grooved horn, keyed free mass, and drill tool. Longitudinal vibration produced by piezoelectric transducer is transferred into longitudinal-torsional vibration and delivered the vibration to free mass. Then, free mass drives drill tool to realize rotary-hammer motion, which makes the rotary motion and hammer motion coupling together as well. However, with the increases demand of rotating torque, the pretightening force between the free mass and drill tool is also increased. As the rotary motion and hammer motion coupling together, the increasing of pretightening force might lead to reduction of hammer energy between free mass and drill tool, which limits the hammer motion.
It is well known that piezo-ceramics delivers the vibration energy to both sides when excited by exciting voltage. However, the existing ultrasonic drills only employ longitudinal vibration on one side to break rocks. Part of vibration energy on the other side is still not utilized. Therefore, a Rotary-Percussive Ultrasonic Drill (RPUD) is proposed, which achieves rotary-percussive motion based on the vibration energy on both sides of piezo-ceramics. To ensure that RPUD can achieve percussive motion and rotation motion synchronously, the resonance frequencies of two vibration modes are tuned to be close by finite element method. Based on the fabrication of a prototype, the vibration characteristics and drilling performance are investigated through tests.
The remainder of this paper is organized as follows. Section II introduces the working principle of RPUD. Structure design of RPUD is presented in Section III. In Section IV, the vibration displacements and rotary speed of RPUD prototype are measured. Drilling experiments are conducted to evaluate drilling performance in Section V. Finally, Section VI concludes this paper.
II. WORKING PRINCIPLE
Based on the principle of inverse piezoelectric effect, piezoceramics generate longitudinal vibration on both sides after stimulated by an exciting voltage. RPUD converts one side of longitudinal vibration into rotary motion and the other side into percussive motion.
The RPUD mainly consists of piezo-ceramics, rotary unit, percussive unit, drill tool, and housing, as shown in Fig. 1 . Piezo-ceramics is made up of four PZT ceramics in a boltclamped structure and placed between rotary unit and percussive unit. Four PZT ceramics are polarized along their thickness directions, which use d 33 mode for the excitations of longitudinal vibration to make the stress and poling directions of the PZT elements coincide. On one side, rotary unit, which connects with the back surface of piezo-ceramics, transforms the longitudinal vibration into rotary motion of the drill tool. ω is rotary angular velocity. On the other side, percussive unit, which links to the front surface of piezoceramics, transfers the longitudinal vibration into percussive motion of the drill tool. V is the velocity of percussive horn, and v is the velocity of drill tool. Drill tool is a tool for rock sampling with a spiral groove for cutting removal, and housing provides support for the RPUD.
Detailed working process of rotary unit and percussive unit is shown in Fig. 2 . Rotary unit is composed of V type of longitudinal-torsional vibration coupling element (V-LT coupler) [20] , rotor, and preload spring. Percussive unit consists of percussive horn, free mass, and storing spring. Excited by exciting voltage, piezo-ceramics transmits the longitudinal vibration simultaneously to the rotary unit and the percussive VOLUME 6, 2018 unit, as shown in Fig. 2(a) . The V-LT coupler of rotary unit converts the longitudinal vibration into longitudinal-torsional vibration, formed an elliptic trajectory on the top of V-LT coupler. Depending on the preload force provided by preload spring, V-LT coupler drives the rotor to rotate continuously by friction on the contact surface. Meanwhile, the percussive horn of percussive unit amplifies the longitudinal vibration and transmits it to the free mass. Then, free mass delivers the longitudinal vibration to the drill tool causing percussive motion. Parameters of rotary motion and percussive motion can be individually adjusted without interference. As the exciting voltage on piezo-ceramics changes in sinusoidal signal cyclical, rotary unit and percussive unit of RPUD carry out periodic movement as well, which follows the sequence of (a)-
III. STRUCTURE DESIGN
To achieve the rotary motion and the percussive motion working synchronously, rotary unit and percussive unit of the rotary-percussive actuator should have the same resonance frequency [21] - [24] . Finite element method is employed to adjust the resonant frequency to be the same. Finite element models of rotary unit and percussive unit are set up by ANASYS 12.0. The main structural parameters of the rotary-percussive actuator are shown in Fig. 3 . Material of piezo-ceramics is PZT-82, and outer diameter is 25 mm, inner diameter is 12 mm, and thickness is 3 mm. So, the outer diameter D 4 = 25 mm, and length of the piezo-ceramics L 6 = 12 mm. These two parameters are fixed values which cannot be modified. 
A. PARAMETER DESIGN
The rest model parameters are given initial values to establish an initially finite element model of the rotary-percussive actuator, as shown in Fig. 4 . The effects of resonant frequency are calculated by changing the value of each parameter through ANASYS. Fig. 5 shows the parameter changing rate of the rotary-percussive actuator. It can be seen that the parameters of and on rotary unit and on rotary unit have a big effect on the resonance frequency of the rotary-percussive actuator.
The rotary unit and the percussive unit operate simultaneously in the resonant state under the same resonance frequency by adjusting the parameters appropriately, as shown in Fig. 6(a) . Vibration displacements of rotary unit and percussive unit get to the maximum value when the rotarypercussive composition works at resonant state, which indicates that rotary unit and percussive unit have achieved good matching, as shown in Fig. 6(b) . The adjusted resonance frequency of the rotary-percussive actuator is 20.050 kHz.
B. WORKING FREQUENCY CALCULATION
Based on the determination parameters of transducer, working frequency is calculated to achieve good vibration effect of RPUD transducer. To accurately predict the working frequency and impedance of the RPUD transducer, the acoustic impedance network model of the RPUD transducer is built on the basis of the force electroacoustic analogy method [25] .
The total acoustic impedance of the transducer is the sum of the acoustic impedance of the three parts of the percussive VOLUME 6, 2018 horn, the V-LT coupler, and the piezoelectric ceramics, as shown in Fig. 7 . Each part of the structure impedance can be equivalent to a ''T'' electrical network. First, the equivalent impedance of each ''T'' electrical network is obtained. Then, the acoustic impedance network model of the RPUD transducer can be obtained by connecting the acoustic impedance of each part together.
The expression of the acoustic impedance of the RPUD transducer in the model is
Where ρ m , c m , S m , k m , and ρ n , c n , S n , k n are the average density, average wave velocity, cross section area, wave number, and characteristic length of paragraph m or n respectively. In particular, m = 1, 3, 5, 6, 7 and n = 2, 4. When calculating the acoustic impedance of percussive horn, the change of wave resistance is small and continuous transition can ignore the influence of chamfer.
As shown in Fig. 8 , the V-LT coupler transforms longitudinal vibration into longitudinal-torsional vibration and drives the drilling tool to rotate.
The expression of the acoustic impedance of the V-LT coupler in the model is made of two parts. The longitudinal vibration part is
Where ρ 8 , c 8 , k 8 are average density, average wave velocity, wave number respectively. S r1 , S r2 , S r3 , l r3 , l r3 , l r3 are cross section area and characteristic length of V-LT coupler. 
And the torsional vibration is
Where I Z is the moment of inertia of the curved cross section relative to the neutral Z axis. The expression is
The acoustic impedance of each part is substituted into the equivalent network model. The total acoustic impedance of the ultrasonic transducer can be obtained. The impedance modulus varies with the frequency curve, as shown in the dotted line in Fig. 9 . The minimum impedance frequency of the ultrasonic transducer is 20.050 kHz, and the maximum impedance mode is 28.640 k . Impedance analyzer E4990A(KEYSIGHT) is used to test the acoustic impedance of the designed ultrasonic transducer prototype, and the actual impedance mode curve of the prototype can be obtained. As shown in the solid line in Fig. 9 , the actual minimum impedance frequency of the ultrasonic transducer is about 19.980 kHz, and the actual maximum impedance modulus is about 26.790 k .
The comparison results show that the error of working frequency is 0.35%, and the impedance mode error is 6.9%. The size of the transducer impedance mode directly affects the impedance matching between the transducer and the excitation source, which affects the output power of the excitation source. The main cause of the error are the influence of the electrode layer and adhesive, material parameters and structural dimension error on the acoustic impedance of the transducer.
C. STRUCTURE DESIGN OF RPUD
The proposed RPUD is designed based on the resonance structure parameters of rotary unit and percussive unit, as shown in Fig. 10 . The bolt connects the V-LT coupler and the percussive horn with the piezo-ceramics, which provides preload stress. In rotary unit, V-LT coupler contacts with rotor, and preload force is provided by the preload spring. Material of V-LT coupler is stainless steel and rotor is alloy steel. The contact surface of V-LT coupler and rotor is polished to improve rotary driving performance [26] . Rotor delivers the rotary motion to the rotary shaft using a key, and then rotary shaft drives drill tool to rotate. Rotary sleeve provides support for the rotary unit, and the material is aluminum alloy. In percussive unit, percussive horn contacts with free mass and drill tool, and storing spring supplies storing force. Material of percussive is stainless steel and free mass is alloy steel. In order to raise the percussive driving performance, free mass uses a unitary cylindrical structure [27] , [28] , material is steel and weight is 8 g.
The RPUD prototype is fabricated as shown in Fig. 11 . Drill tool is a commercial Bosch multi-function drill with carbide drill bit, which is suitable for crushing rock under rotary-percussive motion. Diameter of drill tool is 3 mm, length is 60 mm. The prototype of RPUD total length is 270 mm, and total weight is 590 g.
IV. MECHANICAL PERFORMANCE
To evaluate mechanical output performance of RPUD transducer, several experiments are carried out. A laser displacement sensor (LK-H020, KEYENCE) is used to measure vibration displacement of rotary-percussive actuator. The measuring accuracy of the laser displacement sensor is 0.02 µm. Fig. 12 Fig. 13(a) , show that the vibration displacement of test point A, B, and C simultaneously reach their maximum values at the same frequency 19.98 kHz, which indicates that the rotary unit and percussive unit match well with each other. The error between actual resonance frequency and theoretical frequency is only 52 Hz, which mainly caused by the difference of material parameters and simulation parameters.
Vibration displacements of test point A and B get to 16.2 µm and 8.1 µm, respectively. At the same time, vibration displacement of test point C reaches 17.7 µm. Fig. 13(b) shows the vibration displacement of test point C. Under the excitation of the sinusoidal resonant frequency, test point C on rotary-percussive composition engenders a sinusoidal vibration. The peak-to-peak value of vibration displacement is nearly 36 µm.
To further test the output performance of the transducer, the vibration displacement of the output surface of V-LT coupler and percussive horn is tested. Scatter point measurement method is adopted to obtain the vibration amplitude of transducer. The scattered point measurement method is to measure a number of points on the measuring surface, obtain the measured values at each point, and approximate the amplitude of the whole vibration surface approximately. The vibration measurement of V-LT coupler is mainly on the three planes. As shown in Fig. 14, there are P 1 top surface which parallels to XOY surface, P 2 side surface which parallels to YOZ surface, and P 3 side surface which parallels to XOY surface. Fig. 15(a) shows the longitudinal vibration amplitude of 9 points on the P 1 plane. It can be seen from the diagram that the longitudinal vibration amplitude of each point is nearly the same, the average amplitude of vibration amplitude is 8 µm, and the maximum deviation is about 2 µm. 20 points of P 2 and P 3 plane are selected to measure the tangential vibration amplitude of OX direction, and the vibration displacement of each point is compared. Fig. 15(b) shows that the tangential vibration of each point on the V-LT coupler driving surface increases gradually from low to upward, and the tangential vibration displacement raises with the increase The vibration measurement of percussive horn is mainly on the P 4 plane, which is on the top driving surface paralleled to XOY surface. As shown in Fig. 16, 12 points are distributed on 3 circles with different radius. The longitudinal vibration amplitude of 12 points on the P 4 plane shows in Fig. 17 . The average amplitude of vibration amplitude is nearly 18 µm, and the maximum deviation is about 2 µm. The longitudinal vibration amplitude of each point is about the same.
Based on the RPUD prototype, a rotary speed test is performed to get the optimum driving frequency. Fig. 18 shows rotary speed under different driving frequencies, while the exciting peak to peak voltage is 200 V PP and preload force is 10 N. Results show that the optimum driving frequency is about 19.95 kHz. Due to the addition of drill tool and housing, the resonant frequency of RPUD is slightly lower than rotary-percussive composition. Then, the driving frequency of 19.95 kHz is set as exciting frequency, and the maximum speed is measured. Fig. 19 shows that the RPUD gets the maximum speed of 117.75 rpm under exciting voltage of 225 V PP . The rotary speed of the RPUD under different preload forces and driving torques is measured. As shown in Fig. 20 , the maximum driving torque is 38 mNm when the preload force is 18 N (the exciting voltage is 225 V PP ). It can be seen that the rotary speed of RPUD has a slower decrease with a larger preload.
V. DRILLING EXPERIMENT
Based on the RPUD prototype, a test bed is built to evaluate the drilling performance, as shown in Fig. 21(a) of 225 V PP and exciting frequency of 19.95 kHz. Diameter of drill tool is 3 mm, and drilling medium is sandstone. In order to evaluate drilling ability of RPUD, a tentative drilling test is carried out, and Fig. 21(b)(1) - (6) shows the drilling process. RPUD begins to drill into sandstone, as shown in Fig. 21(b)(1) . Then, Fig. 21(b) (2)- (5) shows that with the increase of drilling depth, drilling chips are removed out of drilling hole through rotary motion, which builds up a mound around drill tool. In Fig. 21(b)(6) , the drilling depth of RPUD has been reached nearly 22 mm in 5 minutes. This drilling test shows that RPUD can drill into rocks and remove drilling cuttings timely.
To further evaluate the drilling capabilities of the RPUD, drilling depth under different weight on bits and free mass are measured. As shown in Fig. 22 , a maximum drilling depth of 22 mm is achieved under weight on bit of 7 N. To increase the reliability of the dates, the drilling test was carried out three times. The result shows that weight on bit has a great influence on the drilling depth of RPUD. With the increase of weight on bit, the drilling depth increases firstly, then decreases gradually after reaching a peak value, which is the optimal value for the weight on bit.
Drilling depth of RPUD under different weight of free mass is shown in Fig. 23 . Three experiments were conducted to increase the reliability of the data. The drilling results shows that the drilling depth increases first and then decreases with the increase of weight of free mass. The drilling depth reaches the maximum value at the 8 g. Drilling performance of rotary-percussive drilling and percussive drilling is compared. In order to keep the rationality of the experiment, percussive ultrasonic drill is represented by RPUD works at percussive mode, which removes the rotor and preload spring making no rotary motion. The compared drilling experiment was tested three times. Fig. 24 shows the contrastive drilling results. In the first minutes, there is a little difference in drilling depth between rotary-percussive drilling and percussive drilling. As drilling cuttings cannot be removed timely in percussive drilling, rotary-percussive drilling gradually shows better performance after two minutes, the differences gradually increased with the increase of time. At last, drilling depth of rotary-percussive drilling is 22 mm, and percussive drilling is 15.5 mm. As can be seen in Table 1 , maximum drilling depth and average drilling rate of rotary-percussive drilling are larger than percussive drilling. This experimental comparison demonstrates that, compared with percussive drilling, rotarypercussive drilling can remove drilling cuttings effectively, which improves drilling efficiency. The rock after one time of compared drilling experiment was chosen to show the drilling holes, as shown in Fig. 25(a) . The above parts are rotarypercussive drilling holes, the below are percussive drilling holes. From left to right, the drilling time is increased by one minute. Drilling depth increases sequentially from left to right as well. As the shape of drill bit is wedge-shaped ( Fig. 25(b) ), the shapes of drilling holes in percussive drilling are similar to rectangle when the drilling depth is shallow. The percussive drilling holes gradually become circular after the drill bit gets to a certain depth. However, in rotary-percussive drilling, drilling holes are basically circular due to the rotary motion of drill bit.
VI. CONCLUSION
This paper proposed a Rotary-Percussive Ultrasonic Drill (RPUD) for rock sampling in minor planet exploration. RPUD is composed of piezo-ceramics, rotary unit, percussive unit, and drill tool, and driven by a single-phase electric power source. Based on the vibrations on two sides of piezo-ceramics, the RPUD achieves rotary-percussive motion of drill tool. The rotary motion and percussive motion are coupled and the working parameters can be adjusted individually. In order to realize the synchronous movement of rotary unit and percussive unit, part of parameters of the rotary-percussive actuator are adjusted to making rotary unit and percussive unit operate in resonance state under the same resonance frequency. According to the prototype of RPUD, resonance frequency and vibration displacement are measured, and the results are matched well with the finite element method. The RPUD prototype achieved rotary speed of 117.75 rpm and maximum torque of 38 mNm when the preload force is 18 N. Drilling depth of RPUD can reach to 22 mm under the weight on bit of 7 N. Contrastive experiment shows that RPUD can actually raise the drilling efficiency compared with percussive drilling. Future work will focus on the improvement of drilling capability, and reducing power consumption.
